The contribution of snow meltwater to catchment streamflow can be quantified through hydrograph separation analyses for which stable water isotopes ( 18 O, 2 H) are used as environmental tracers. For this, the spatial and temporal variability of the isotopic composition of meltwater needs to be captured by the sampling method. This study compares an optimized snowmelt lysimeter system and an unheated precipitation collector with focus on their ability to capture snowmelt rates and the isotopic composition of snowmelt. The snowmelt lysimeter system consists of three individual unenclosed lysimeters at ground level with a surface of 0.14 m 2 each. The unheated precipitation collector consists of a 30 cm-long, extended funnel with its orifice at 2.3 m above ground. Daily snowmelt samples were collected with both systems during two snowfall-snowmelt periods in 2016. The snowmelt lysimeter system provided more accurate measurements of natural melt rates and allowed for capturing the small-scale variability of snowmelt process at the plot scale, such as lateral meltwater flow from the surrounding snowpack. Because of the restricted volume of the extended funnel, daily melt rates from the unheated precipitation collector were up to 43% smaller compared to the snowmelt lysimeter system. Overall, both snowmelt collection methods captured the general temporal evolution of the isotopic signature in snowmelt.
INTRODUCTION
Snowpacks in mountainous headwater catchments comprise important freshwater resources in many regions of the world (Stewart, 2009) . In Switzerland, about 42% of river discharge is fed by snow meltwater (Zappa et al., 2012) , so that hydropower production strongly depends on the seasonal water storage in higher elevations (Beniston, 2003) . In some mountainous snowdominated regions, predicted effects of climate change, such as higher air temperatures and lower precipitation rates, will result in decreasing snow volumes, as well as in earlier and shortened snowmelt (Barnett et al., 2005; Beniston, 2003; Berghuijs et al., 2014) . Hereby, the mid and lower altitudes will be affected the most by changes in water storage (Barnett et al., 2005) , because the snowline rises about 150 m in elevation with every of 1°C increase in air temperature (Beniston, 2003) . By the end of the 21 st century, mountainous catchments in Switzerland are expected to receive up to 50% less snow at 2000 m a.s.l. and up to 90% less snow at about 1000 m a.s.l. (Beniston, 2003) . As a consequence, the risk for summer low flows in downstream valleys is likely to increase (Stewart, 2009) .
In order to adapt water management strategies to future changes in the hydrological cycle, the physical mechanisms that control streamflow generation from snowmelt, have to be understood (Bierkens and van Beek, 2009; Šanda et al., 2010; Singla et al., 2012; Staudinger and Seibert, 2014) .
Environmental tracers, such as stable water isotopes ( 18 O, 2 H), can be used to identify water sources that contribute to river streamflow (Klaus and McDonnell, 2013) . In the last decades, stable water isotopes have been applied in hydrograph separation analyses to quantify the contribution of snowmelt to catchment outflow (Ala-aho et al., 2017; Dinçer et al., 1970; Hooper and Shoemaker, 1986; Huth et al., 2004; Laudon, 2004; Penna et al., 2014b; Rodhe, 1998; Šanda et al., 2014; Taylor et al., 2002b) . Hereby, the isotope signal of snowmelt can be highly variable in time during individual melt periods similar to the short-term isotopic evolution of liquid precipitation (Munksgaard et al., 2012; von Freyberg et al., 2017) . This isotopic variability in snowmelt is driven by mixing with incoming precipitation (rain or snow), snow redistribution by wind, and isotopic fractionation of snowmelt during (re-)freezing and condensation in the snowpack (Ala-aho et al., 2017; Cooper, 1998; Lyon et al., 2010; Rodhe, 1998; Taylor, 2001; Unnikrishna et al., 2002) .
During rain-on-snow events, rainwater can mix with the snow and thus significantly change the isotopic composition of melt from the snowpack (Juras et al., 2016; Penna et al., 2014a; Unnikrishna et al., 2002) . In addition, the snowpack becomes progressively isotopically enriched during the melt-out, which is directly linked to the rate of snowmelt (Ala-aho et al., 2017; Hooper and Shoemaker, 1986; Laudon, 2004; Lee et al., 2010; Taylor et al., 2001; Unnikrishna et al., 2002) .
In order to use stable water isotopes of snowmelt for hydrograph separation analyses, the spatial and temporal variability of the isotopic composition of meltwater needs to be captured by the sampling method (Earman et al., 2006; Laudon et al., 2002; Schmieder et al., 2016; Taylor et al., 2002b) . In addition, snowmelt rates have to be recorded to volume-weight the isotope values of composite samples.
Different methods exist to measure the snowmelt rates and to collect samples for isotope analysis. Snowmelt can be collected, for instance, from the base of a snow pit (Taylor et al., 2002b) or from soil cores (Frisbee et al., 2010) . In remote and mountainous terrain, these manual methods are often the only possibility to obtain snowmelt samples, however, sample collection in such catchments is laborious, can be dangerous and may be prone to sampling errors. An alternative method for direct meltwater collection is a passive capillary sampler to capture an integrated meltwater sample throughout the melt season (Frisbee et al., 2010; Penna et al., 2014a) . For more frequent sampling, a melt pan can be installed beneath a snowpack from which meltwater drains through a pipe into a sample collector (Bales et al., 1993; Taylor et al., 2001) . Alternatively, an unheated precipitation collector can be deployed to sample snowmelt (Earman et al., 2006; Gröning et al., 2012) . Two different types of unheated precipitation collectors were evaluated by Earman et al. (2006) by collecting six-month bulk snowmelt for subsequent isotope analysis. The unheated precipitation collectors were designed to capture the snowmelt composition at 1 m above ground by using extension tubes on top of the 10 cm-diameter funnels. The extension tubes of the two systems were 7.5 cm (regular funnel) and 15 cm long (extended funnel) respectively. Earman et al. (2006) found that the samples from the collector with the extended funnel were "[…] more representative of infiltration water isotope composition than a fresh snow sample because the snow in the extended collector is subject to many of the snow metamorphism effects that impact snow on the ground.". To test whether accelerated melt caused isotope effects in the snowmelt sample, two of the extended funnel precipitation collectors were painted in either black or white colour (Earman et al., 2006) . However, the colouring of the funnel was not found to significantly affect the isotopic composition of the bulk melt sample (Earman et al., 2006) . Hence, the extended funnel collector might be a suitable method for collecting a sample that is representative for the isotopic composition of the snowpack. Rates of snowmelt are, however, likely to remain highly uncertain due to under-catch and wind drift (Rasmussen et al., 2012) .
Snowmelt lysimeters provide another approach to combine the measurements of snowmelt rates and the collection of snowmelt samples. Snowmelt lysimeters were primarily developed to measure only snowpack outflow for the evaluation of snowmelt process representations in snowmelt modelling studies (Haupt, 1969; Kattelmann, 2000; Martinec, 1987; Obled and Rosse, 1977; Würzer et al., 2017) . The first systems were developed at the Central Sierra Snow Laboratory in the 1950s and were commonly applied since the late 1970s (e.g., Helvey and Fowler, 1980; Kattelmann, 2000; Martinec, 1987; Shanley et al., 1995; Tekeli et al., 2005) . Further technical improvements of snowmelt lysimeter systems enabled the collection of meltwater samples for subsequent isotope analysis (Herrmann, 1978; Laudon, 2004; Unnikrishna et al., 2002) .
Originally, a snowmelt lysimeter consists of a collector that traps meltwater flowing out of the snowpack. The collector is connected by a tube or conduit to a flow-recording device (Kattelmann, 2000; Tekeli et al., 2005) . There exist two types of snowmelt lysimeters that are (i) enclosed with high barriers (extending the maximum snow depth to create an isolated snow column that only drains into the melt outlet), or (ii) unenclosed with a short rim above the base (usually 10-50 cm). In natural systems, however, the enclosed system is difficult to build and to operate and therefore, unenclosed snowmelt lysimeters are commonly deployed (Kattelmann, 2000) . A major disadvantage of unenclosed lysimeters is the spatial variability of melt rates due to lateral inflow of meltwater from the surrounding snowpack (Kattelmann, 2000; Unnikrishna et al., 2002) . For this reason, a set of at least three individual unenclosed snowmelt lysimeters is recommended to capture the spatio-temporal variability of melt processes at a sampling location (Kattelmann, 2000) . In the past, melt rates were recorded quasi-continuously with tipping buckets (e.g., Bales et al., 1993; Juras et al., 2016; Taylor et al., 2001) or continuously with water level recorders (e.g., Haupt, 1969; Hermann, 1978) . Most studies integrated melt rate measurements from several locations, while samples for isotope analysis were generally obtained from only one meltwater collection system (Lee et al., 2010; Taylor et al., 2001; Unnikrishna et al., 2002) . Occasionally, melt water sampling for subsequent isotope analysis was adjusted to capture individual melt events at a high temporal resolution, however, regular meltwater sampling over the entire period with snow cover was rarely done (Hooper and Shoemaker, 1986; Schmieder et al., 2016; Taylor et al., 2001) .
Based on snowmelt lysimeter measurements, a recent study successfully simulated the spatiotemporal variability of the isotopic composition of snowmelt at the catchment scale by considering fractionation processes in the snowpack and different landscape characteristics (Ala-aho et al., 2017) . The isotope signature of the meltwater leaving the snowpack during rainon-snow events could, however, not be represented adequately because the model assumes complete mixing in the snowpack (Ala-aho et al., 2017) . In addition, the transferability of the model to catchments with different landscape characteristics (i.e., elevation, slope, vegetation) is limited, because only a few snowmelt collection systems exist worldwide that sample snowmelt at high temporal resolution and at different locations during the entire snow cover period.
So far, snowmelt lysimeters are among the most sophisticated meltwater collection systems, although their application is often technically complicated and cost-intensive. Thus, we designed a fully automated snowmelt lysimeter system (for snowmelt sampling and melt rate monitoring) based on standard technical components, which can potentially be rebuild at other sites with moderate effort and costs.
Alternative low-cost methods, such as unheated extended funnel collectors may also be suitable to capture melt rates and meltwater isotopic composition, especially in remote areas. To the best of our knowledge, a detailed comparison of the two sampling methods has not yet been carried out. Therefore, the objective of the present study was to present a detailed evaluation of the optimized snowmelt lysimeter systems with regard to the measured snowmelt rates and the isotopic composition of snowmelt. In addition, the functionality of the unheated precipitation collector with extended funnel as a low-cost alternative to a lysimeter system was tested. Both snowmelt collection systems were installed at a grassland site in a pre-alpine catchment in central Switzerland. The comparison was carried out based on measurements during two individual snowfallsnowmelt periods in April and November 2016.
METHODOLOGY

Field site
The snowmelt lysimeter system and the unheated precipitation collector with extended funnel were installed at the field site Erlenhöhe (1216 m a.s.l.), which is located in the central Swiss pre-Alps in the hydrological research catchment Erlenbach (Burch et al., 1996; Hegg et al., 2006) . The catchment vegetation is dominated by forests (53%), while 22% of the area is partly-forested and 25% is covered with grassland (Fischer et al., 2015) . The bedrock is composed of Flysch, a calciferous tertiary sediment with limited permeability (Burch et al., 1996) .
A meteorological station at the field site Erlenhöhe provides measurements of climatological parameters, such as air temperature and snow depth at 10-minute temporal resolution (Stähli and Gustafsson, 2006) . Incoming precipitation is measured with a heated rain gauge at 1.50 m above ground. This rain gauge did not allow for sample collection, and thus in this study it was used only to provide reference measurements for incoming precipitation. Average annual precipitation at the site is Andrea Rücker, Massimiliano Zappa, Stefan Boss, Jana von Freyberg 22 2300 mm/y (Feyen et al., 1999 ) from which around one-third falls as snow (Stähli and Gustafsson, 2006) . Average air temperature is 6°C with its minimum in February (-2°C) and its maximum in August (17°C) (Feyen et al., 1999) .
Snowmelt collection Snowmelt lysimeter system
An unenclosed snowmelt lysimeter system was developed to measure melt rates at 1-minute temporal resolution and to sample meltwater at daily temporal resolution over an area of approximately 3x4 m (Figure 1 ). The snowmelt lysimeter system consists of three PE-HD funnels (each 0.14 m 2 in diameter) with rims of 5.9 cm, that were each located above a tipping bucket (ECRN-100 High-Resolution Rain Gauge, Decagon Devices Inc., Pullman (WA), USA). The tipping bucket recorded melt rates at 5 ml volume increments (i.e., 0.04 mm m -2 ) with a measurement uncertainty of 10%. To avoid freezing in the mechanism of the tipping bucket, a 12 W heating patch (110 mm x 77 mm) was attached to the inside wall of the rain gauge funnel. The meltwater drains from each funnel by gravity through a silicon tube (ca. 3-4° gradient, diameter 10x14 mm) to its respective PE-HD 10 l vessel. The vessels were situated in a watertight metal container embedded in the ground downhill of the lysimeter funnels.
Once a day at 05:40, the snowmelt samples were pumped individually from each vessel by an automatic water sampler equipped with 24 bottles (April 2016 period: 6712-Fullsize Portable Sampler, Teledyne Isco, Lincoln (NE), USA, November 2016 period: Maxx P6L -Vacuum System, Maxx GmbH, Rangendingen, Germany). Because only one automatic water sampler was used during each period, the connection between the vessels and the pumping tube of the automatic water sampler was controlled through pinch solenoid valves (ASCO Numatics Sirai Srl, Bussero, Italy), operated by a Datalogger (CR-1000, Campbell Scientific, Loughborough, Great Britain). Up to 300 ml was pumped from each collection vessel into one separate dry 1 l bottle in the automatic water sampler.
After each pump cycle, remaining water in the suction tube was blown back into the sampled vessel to reduce carry-over effects. After all three vessels were samples (ca. 20 min), pinch solenoid valves situated at the outlets of the vessels were opened simultaneously to release the remnant water through an outlet pipe. The 6 m long outlet pipe ran downhill of the lysimeter system which allowed for free drainage of the vessels without tailback. At 06:00, the valves at the outlets of the vessels were closed again and meltwater collection started for the next 1-day sampling period. Once a week, the filled sample bottles of the automatic water sampler were replaced with empty bottles. The filled sample bottles were sealed with lids to avoid leakage during the transport to the laboratory.
A webcam (Webcam ROLINE RBOF4-1 Bullet IP 4MP, Secomp, Bassersdorf, Switzerland) took hourly pictures of the snowmelt lysimeter system, which allowed for documenting the timing of snowfall and melt. The snowmelt lysimeter system and the webcam were connected to the local power grid. This set-up of the snowmelt lysimeter system cost around 4000 US$ (excluding the webcam and the automatic water sampler).
Unheated precipitation collector with extended funnel
For the unheated precipitation collector, we used the basic parts of the "Palmex" collector (Palmex d.o.o., Zagreb, Croatia), such as the plastic funnel (13.5 cm in diameter) and the extended aluminium funnel (15 cm diameter, 30 cm long), which was installed on top of the plastic funnel ( Figure 2 ) (Gröning et al., 2012) . The extended funnel was modified by painting it with black colour to accelerate the snowmelt of the accumulated snow and thus prevent evaporative fractionation effects of the meltwater sample in the funnel (Earman et al., 2006) . This set-up of the unheated precipitation collector cost around 200 US$.
The unheated precipitation collector was installed at the field site at Erlenhöhe so that the orifice of the extended funnel was at a height of 2.3 m above ground. With this set-up, the unheated precipitation collector sampled a mixture of liquid precipitation, Fig. 1 . Set-up of the snowmelt lysimeter system at the field site Erlenhöhe on a 3 m x 4 m area. Three funnels (1, 2 and 3) collect snowmelt which is draining through silicon tubes to the three collection vessels. The data logger controls three pinch valves to pump the meltwater into sample bottles of an automatic water sampler. Remnant meltwater in the vessels is released simultaneously to the drainage pipe after each pump cycle by opening the three valves at the outlets of the collection vessels (see also Figure A1 and Figure A2 ).
Fig. 2.
Set-up of the unheated precipitation collector with extended funnel connected to an automatic water sampler installed at Erlenhöhe. The meltwater drains by gravity to the automatic water sampler (see also Figure A3 ). snow and snowmelt. Despite the black-coloured funnel, fractionation of the snow sample in the funnel of the unheated precipitation collector might still occur when meltwater refreezes, depending on ambient air temperature and incoming solar radiation.
The meltwater samples from the unheated precipitation collector drained by gravity into a dry HDPE sample bottle in an automatic water sampler (6712-Fullsize Portable Sampler, Teledyne Isco, Lincoln (NE), USA), that was connected to the local power grid. Every day at 05:40, the automatic water sampler rotated the injection arm to a new sample bottle. Since these sample bottles were replaced in a 3-weeks cycle, the bottles were modified to reduce evaporation and isotopic fractionation. This was done by plugging a 100 ml syringe housing (i.e., without piston) into the opening of the sample bottle in order to avoid evaporation and isotopic fractionation. For the collection and transport of the samples, the 1 l sample bottles were sealed with a lid to avoid leakage. In the laboratory, the meltwater sample volumes were determined by weighting the filled sample bottles and subtracting the known weights of the empty sample bottles.
Isotope analysis
Until sample preparation for isotope analysis, the samples from both collection systems remained sealed and refrigerated at 4°C. Prior to analysis, all water samples were melted at room temperature, if necessary, filtrated through 0.45-μm Teflon filters (DigiFilter micron Teflon) and filled into 2-ml glass vials. The water samples were analysed for the stable water isotopes ( 18 O, 2 H) by laser spectroscopy (Los Gatos Research, Isotopic Water Analyzer LGR IWA-45-EP; ABB Los Gatos Research, San Jose, California, USA.) at the laboratory of the Swiss Federal Institute for Forest, Snow and Landscape Research (WSL). The measurement precision of the analyser was 0.5‰ for δ 18 O and 1.0‰ for δ 2 H. Isotopic abundances are reported through the δ notation relative to the IAEA-VSMOW-II standards.
Comparison analysis
Two snowfall periods with subsequent snowmelt were monitored between 24 April and 2 May 2016 (referred to as April period), as well as between 6 and 22 November 2016 (referred to as November period). Because the duration and depth of snow cover were different for these two periods, they provided ideal data sets to compare the snowmelt lysimeter system and the unheated precipitation collector with regard to melt rates (daily temporal resolution), timing of melt and the isotopic composition of the daily meltwater samples. In addition, total volumes of incoming precipitation (rain and snowmelt) captured by both collection systems during the April and November periods were compared with the measurements (rain and snow) of the heated rain gauge.
The three individual lysimeters of the snowmelt lysimeter system allowed for analysing the spatial variations in snowmelt and its isotopic composition at the plot scale. For this, the 1-minute melt rate recordings of the tipping buckets underneath each individual lysimeter were aggregated to 10-minute sums for easier comparison. Additionally, the peak times during six melt events during the April period (SM-April-a-b-c) and the November period (SM-Nov-a-b-c) were calculated. Peak times were defined as the time of the highest 10-minute melt rate during a melt event.
RESULTS
For both snowfall periods in April and November 2016, the initial snowpacks were established during high-intensity rainfall event that became snowfall when air temperature decreased (Figure 3a, Figure 4a ). During the April period, the snowpack started to build up on 23 April 21:00 and was completely melted on 30 April 13:00, i.e. the snow cover lasted for about seven days. During that period, individual snowfall events occurred that started on 24 April 20:00 and on 26 April 22:00, respectively, resulting in maximum snow depths of around 30 cm. On 1 May 00:30, a small snow pack (5 cm) was built up again that lasted until 2 May 01:30. Because this event occurred after the continuous snowpack was completely melted, the cumulative sum of total melt during the April period was calculated from 23 April 21:00 to 30 April 13:00.
The snowpack during the November period lasted from 6 November 08:20 to 22 November 09:30, and thus seven days longer than that of the April period (Figure 4a ). The maximum snow depth of 44 cm was reached on 12 November 03:00, after air temperature decreased during a heavy precipitation event that started on 11 November 02:10. During the melt-out, the snowpack increased again by 3 cm on 19 November because of another precipitation event with a mixture of rain and snow (19 mm).
Comparison of the two snowmelt collection systems with regard to total precipitation and snowmelt volumes
The cumulative sums of meltwater collected with the heated rain gauge, the unheated precipitation collector, the three individual snowmelt lysimeters, as well as the snowmelt lysimeter system (i.e., the average of the three individual lysimeters) during the April and November periods are presented in Table 1, as well as in Figure 3b .
For the April period, the heated rain gauge recorded 61.1 mm incoming precipitation (rain and snow). The individual snowmelt lysimeters recorded slightly larger volumes of snowmelt and rain that were between 62.3 and 73.4 mm. The average value for the entire snowmelt lysimeter system was 67.2 ± 3.3 mm (mean ± standard error), and thus 9% larger than the measurement of the heated rain gauge. The total amount of meltwater and rain registered by the unheated precipitation collector was 38.4 mm, which was much lower (37%) than that of the measurement of the heated rain gauge. For the November period, total incoming precipitation (rain and snow) measured with the heated rain gauge was 121.2 mm. In comparison, the three individual lysimeters recorded values between 110.0 mm and 151.4 mm, with the average value of 127.4 ± 12.4 mm, i.e. 5% more than what was recorded by the heated rain gauge. The unheated precipitation collector (97.2 mm) underestimated total precipitation (rain and melt) by 20% relative to the heated rain gauge.
Figures 6a,c and Figures 7a,c show the daily melt rates measured with the snowmelt lysimeter system and the unheated precipitation collector. No comparison was made to the heated rain gauge because it did not measure melt from a snowpack. Overall, the melt rates recorded with the unheated precipitation collector were smaller than those of the snowmelt lysimeter system, except for the times when the initial snowpack was built up (24-27 April and 6-7 November, 10 and 12 November). For instance, on 10 and 12 November, the unheated precipitation collector recorded 19 mm and 36 mm of snowmelt, while only 6 mm and 3 mm of snowmelt was registered by the snowmelt lysimeter system, respectively. During the melt-out of the snowpack, the snowmelt lysimeter system recorded substantially more snowmelt than the unheated precipitation collector, such as on 29 April (34 mm and 0 mm, respectively) and 21 November (50 mm and 0 mm, respectively). Figure A4 , Figure A5 ). During the April period, the δ 18 O values of the samples from the unheated precipitation collector ranged from -14.5‰ to -6.9‰, while the δ 18 O values of the snowmelt lysimeter-based samples were between -16.5‰ and -11.5‰ (Figures 6b,c) . During the November period, the meltwater samples were isotopically lighter than during the April period, with δ
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18 O values ranging between -22.6‰ and -9.9‰ for the unheated precipitation collector, and between -23.5‰ and -13.8‰ for the snowmelt lysimeter system (Figures 7b,c) . On average, the meltwater samples from the unheated precipitation collector were isotopically heavier than those from the snowmelt lysimeter system (i.e. average difference of by 3.2‰ and 2.5‰ for the April and November periods, respectively). For both snowmelt collection systems, the temporal variability of δ 18 O between the daily meltwater samples shows a distinct decrease in δ 18 O at the beginning of the snowfall (i.e. for the lysimeter system: until 25 April by -4.3‰, 2 May by -2.9‰ and 7 November by -5.6‰, Figures 6b,c and Figures 7b,c) . This decrease in δ 18 O is followed by a slower increase until the complete melt-out of the snowpack. This general temporal pattern of stable isotopes in snowmelt was captured by both sampling systems, the unheated precipitation collector and the snowmelt lysimeter system. In addition, the three individual snowmelt lysimeters captured a very similar isotopic signature of the snowmelt over time (Figure 6c and Figure 7c ). The meltwater δ
18 O values from the unheated precipitation collector showed a larger short-term variability (e.g., 28 April, 10 and 17 November), as well as a one-day time shift relative to the snowmelt lysimeter system. In the dual isotope space, most of the meltwater samples from both sampling systems plot on the linear regression line ( Figure 5 ). This linear regression line, which was obtained from rainwater samples collected at the same field site during the snow-free seasons (May till October) in 2016 and 2017, is used here as first approximation of the local meteoric water line. Except for the three most negative meltwater samples of the November period (Figure 5b) , none of the meltwater samples plot substantially below the linear regression line. 
Spatial and temporal variability of snowmelt during individual melt events measured with the snowmelt lysimeter system
The snowmelt lysimeter system with its three individual lysimeters potentially allows for monitoring the heterogeneous melt-out of the snowpack at the plot scale. To test this, melt rates and peak times of the individual snowmelt lysimeters were compared among each other for six melt events that occurred during the April and November periods. In addition, the individual melt rate measurements were compared against the average melt rates of the entire snowmelt lysimeter system.
Three melt events occurred in April due to rising air temperatures ( Figure 3c and Figure 4c show that for the six snowmelt events, the 10-minute average melt rates were within the range of 0.2 mm (28 April) and 1.32 mm (1 May). The data shown in Table 2 indicate that the deviations from the 10-minute average melt rates can be large, especially during the major melt events. The largest deviations from the 10-minute average melt rates occurred on 1 May (SM-April-c), which were around 0.66 mm for Lysimeter-3 and around -0.45 mm for Lysimeter-1, indicating a high temporal variability of the melt-out from the snowpack. Overall, the three individual lysimeters showed no consistent bias of melt rate measurements. Similar to the melt rates, there was no consistent bias of the peak times of the three individual lysimeters (Table 2) . From the six snowmelt events, the 21 November event resulted in the longest offsets of peak times relative to the average (i.e., -133 min for Lysimeters-1 and 2 and 266 min for Lysimeter-3). For the other five events, the temporal offsets were generally much shorter and ranged between -37 min and 33 min.
DISCUSSION: PERFORMANCE OF THE SNOWMELT LYSIMETER SYSTEM Capturing snowmelt rates
The comparison of the total precipitation and melt rates during the April and November periods showed a good agreement between the snowmelt lysimeter system and the heated rain gauge (Table 1 ). This suggests that the snowmelt lysimeter system provides a representative estimate of incoming precipitation and naturally occurring snowmelt volume at the plot scale.
The deviations between the 10-minute melt rates from the three individual lysimeters and their average melt rate (i.e. the snowmelt lysimeter system) suggests large spatial and temporal variability of the snowmelt process at the plot scale (Table 2) . Additionally, differences in peak times occurred during smallbut also high-intensity melt rates. As reported by Kattelmann (2000) , unenclosed lysimeters might facilitate lateral flow of meltwater from the surrounding snowpack into the funnel of the individual snowmelt lysimeters. After the snow depth decreases to the ridge of the funnel, however, the unenclosed lysimeter becomes an enclosed lysimeter, which restricts meltwater contribution from the surrounding snowpack (Kattelmann, 2000) . Further, snow distribution by wind may affect the amount of snow accumulated on the lysimeter funnel and thus, the snowmelt volume registered by the individual lysimeters.
The unheated precipitation collector significantly underestimated the total precipitation and melt volumes compared to the snowmelt lysimeter system and the heated rain gauge by up to 43% (Table 1 ). Daily melt rates measured with the unheated precipitation collector were often lower than the respective values from the snowmelt lysimeter system (Figure 6, Figure 7) . One of the main reasons for the underestimation of snowmelt with the unheated precipitation collector was the extended funnel that only allowed a restricted snow volume to accumulate. This snow volume was likely to be much smaller than the accumulated snowpack on the ground and thus, the snowmelt from the snow volume in the unheated precipitation collector might not be representative for the snowmelt occurring naturally from the snowpack on the ground. As a result, the smaller amount of snow volume in the extended funnel of the unheated precipitation collector generated outflow more rapidly when air temperature increased. In addition, during high intensity snowfall events, the extended funnel was likely to be filled up completely with snow so that remaining snowfall could not be captured by the unheated precipitation collector. Also, if the air temperature and/or incoming solar radiation were low during snowfall events, the black colour of the extended funnel was not sufficient to accelerate the melt process, and thus the extended funnel might have filled up with snow completely.
Further, wind can cause significant errors of solid precipitation records due to under-catch by around 20%-50% (Rasmussen et al., 2012) . In addition, if the extended funnel of the unheated precipitation collector was completely filled with snow, wind was likely to blow off additional incoming snow. Another potential reason for the under-catch of snowmelt in the unheated precipitation collector is evaporation from the snow accumulated in the extended funnel. Long storage times and/or wind gusts reaching into the extended funnel may have en-hanced evaporation (Nespor and Sevruk, 1999; Earman et al., 2006) . Overall, the comparison analysis suggests that the unheated precipitation collector with extended funnel is not applicable for melt rate monitoring at daily temporal resolution.
Capturing the isotopic signature of snowmelt Figure 6 and Figure 7 show distinct decreases in the meltwater δ
18 O values during the initial snowmelt events on the 1 st and 2 nd day of the April and November periods. After that, the meltwater δ
18 O values increased continuously over several days until the snowpack was completely melted. Both collection systems captured this general pattern in the isotope values. Figure 5 shows that most snowmelt samples of both collection systems plotted on the approximated local meteoric water line. The three most negative meltwater samples of the November period plotted below the linear regression line, suggesting that isotopic fractionation occurred within the snowpack. Such isotopic fractionation processes may be driven by vapour condensation and (re-)freezing of liquid water resulting in a depletion of the meltwater leaving the snowpack (Ala-aho et al., 2017; Cooper, 1998; Lyon et al., 2010; Rodhe, 1998; Taylor et al., 2001; Unnikrishna et al., 2002) . Both sampling systems captured this isotopic response of the early melt period. Since there were no other snowmelt samples that plotted substantially off the linear regression line, we conclude that other kinetic fractionation effects within the two sampling systems (e.g., due to evaporation or sublimation) might be insignificant.
Overall, the isotopic signature of the samples from the unheated precipitation collector was more variable in time during both snowmelt periods compared to the isotopic signature of the samples from the individual snowmelt lysimeters. This can partly be explained with the design of the unheated precipitation collector. The funnel limited the volume of snow to be collected, which resulted in a substantial under-catch compared to the snowmelt lysimeter system and the heated rain gauge (Chapter "Capturing snowmelt rates"). Since the unheated precipitation collector sampled only distinct volume increments of precipitation events, the isotopic variability between the collected samples can potentially be large. In addition, the isotopic composition of incoming precipitation can be highly variable during individual events, (Dansgaard, 1964; McDonnell, 1990; Munksgaard et al., 2012; von Freyberg et al., 2017) , which might further intensify this incremental sampling effect of the unheated precipitation collector. The more damped isotopic signature of the lysimeter snowmelt samples can be explained by vertical and lateral mixing of meltwater percolating through the isotopically variable layers of the snowpack. Such mixing processes have been found to depend on the ambient conditions such as incoming solar energy input, temperature of the air and of the ground and layering of the snowpack, as well as on the amount and intensity of incoming precipitation (Lee et al., 2010; Penna et al., 2017; Unnikrishna et al., 2002) . Because the snowmelt lysimeter system collected samples from the snowpack that naturally formed on the ground, it integrated the isotopic signature of all snowfall events compared to the unheated precipitation collector with its constrained funnel volume.
During both observation periods, the samples from the unheated precipitation collector were marginally but consistently heavier in δ 18 O compared to the samples from the snowmelt lysimeter system (Figures 6b,c and Figures 7b,c) . However, the isotope signal of the meltwater samples from the unheated precipitation collector did not suggest a strong kinetic fractionation effect (i.e., evaporation) in the dual isotope plots as most of the snowmelt samples plot on the linear regression line ( Figure 5) . As a consequence, this behaviour can mainly be explained by the incremental sampling effect (more heavy snow was sampled compared to the snowmelt lysimeters system) and simple mixing. Other factors, such as fractionation during phase transitions (sublimation/condensation/evaporation, freeze/melt) are less obvious from our data set (Earman et al., 2006; Kendall and Caldwell, 1998; Taylor et al., 2001) .
Our results showed that the isotope signature of the snowmelt samples from the snowmelt lysimeter system was delayed compared to the samples from the unheated precipitation collector. This can be explained by the generally larger snow volume captured by the snowmelt lysimeter system compared to the extended funnel of the unheated precipitation collector. Consequently, under similar ambient conditions, the snowpack on top of the snowmelt lysimeter system requires more time to melt. In addition, the black-coloured extended funnel of the unheated precipitation collector was specifically designed to accelerate the melt process to reduce the exposure time of the meltwater in the funnel. Thus, in order to capture the isotopic signature of natural meltwater from a snowpack on the ground, the snowmelt lysimeter system may provide more representative samples at daily resolution. The unheated precipitation collector, on the other hand, often fails to capture this signature because of accelerated melt and incremental sampling effect. This collection system may, however, still provide a reasonable estimate of the relative day-to-day variability of snowmelt, depending on the purpose of the study.
Both collection systems captured an initial decrease of δ 18 O in meltwater, which was followed by a systematic increase of δ 18 O until the entire snowpack was melted (Figures 6b,c and  Figures 7b,c) . A possible explanation may be fractionation during re-freezing of the initial meltwater that percolated from the snow surface through the snowpack. As a consequence, the snowpack becomes isotopically heavier, and so does the meltwater draining from this snowpack with progressive melting (Herrmann, 1978; Stichler et al., 1981; Taylor et al., 2001; Unnikrishna et al., 2002) . Alternatively, the isotopic signature of the meltwater samples may simply reflect the melt-out of the individual layers of the snowpack that build up during the individual precipitation events. However, we did not measure the isotopic signature of incoming precipitation at the field site, and thus, cannot draw any conclusions about the sources or processes causing the isotope pattern in the daily snowmelt samples.
CONCLUSION
This study compared two snowmelt collection systems with focus on their ability to properly capture snowmelt rates and the isotopic composition of meltwater. A low-cost, unheated precipitation collector (ca. 200 US$, excluding automatic water sampler) was evaluated against a newly developed snowmelt lysimeter system (ca. 4000 US$, excluding automatic water sampler) consisting of three individual unenclosed lysimeters. The comparison analysis was carried out for samples from two snowfall-snowmelt periods in April and November 2016.
Although the unheated precipitation collector sampled much less snow than the snowmelt lysimeter system (under-catch of up to 43%), both systems were able to capture very similar isotope patterns during both periods. Thus, despite the substantial under-catch, the low-cost unheated precipitation collector seems sufficient to capture the general isotope signal of snowmelt over the course of a snowfall and snowmelt period. Since the unheated precipitation collector requires only low maintenance and because its automatic water sampler can potentially be run on battery power, possible areas of applications are at remote locations or at sites where many locations have to be sampled. In order to adequately capture the rates of incoming precipitation (and melt) at a site, an additional heated rain gauge and a temperature logger would have to be installed. The strength of the snowmelt lysimeter system is its ability to capture both the variability in melt rates, as well as the isotopic composition of snowmelt at daily resolution and thus, to provide valuable information about the snowmelt processes at the plot scale. The system is based on standard technical components, and thus can potentially be rebuilt at other sites with moderate effort and costs. Compared to the unheated precipitation collector, the lysimeter system is more cost-intensive and requires more extensive maintenance. In addition, its complex set-up and the high power requirements prohibit an installation of the system at remote locations.
For catchment scale studies that aim at quantifying the fraction of snowmelt in streamflow based on hydrograph separation, other important factors such as topography, vegetation cover and soil depth control the melt process (Schmieder et al., 2016; Unnikrishna et al., 2002) . Ongoing research in the Erlenbach and neighbouring catchments focuses on the effects of elevation and vegetation cover on the isotopic evolution of snowmelt. For this, two additional snowmelt lysimeters were installed at a forested site (1185 m a.s.l.) and at another grassland site (1405 m a.s.l.) in December 2016. This extended sampling network of snowmelt lysimeter systems will provide further insights into how landscape and climatic properties control snowmelt and its isotopic evolution. 
